To improve thermoelectric performance of p-type, Ca-Mg-Si alloys were synthesized by mechanical alloying (MA) and/or solid-liquid reaction (SLR phase, and its was metallic trend ( ' 0) with low electrical resistivity . It is well-known that Mg 2 Si is n-type semiconductor. These results indicate that the CaMgSi is p-type. Its was estimated at 750$900 mVÁK À1 (p-type) at 600 K and its was lower than that of Mg 2 Si above 600 K. The P of CaMgSi single phase is expected more than 1:4 Â 10 À3 WÁm À1 ÁK À2 (600 K). Thus, CaMgSi is attractive material with high thermoelectric performance of p-type.
Introduction
Thermoelectric energy conversion by utilizing seebeck effect of thermoelectric materials is one of the cleanest and environmentally compatible power generation technologies because unused heat sources are available, e.g. automobiles.
Silicides, which consist of non-toxic and abundant materials, have attracted much attention for their thermoelectric performances. The thermoelectric properties of the transition metal (Mn 1:72 Si and Si 0:8 Ge 0:2 ) and the alkaline-earth metal (Mg 2 Si and element doped Mg 2 Si) silicides were investigated, as shown in Table 1 . [1] [2] [3] [4] [5] [6] [7] Ca is also non-toxic material, and Mg and Ca are same congener (II a group element). However few researches have been reported on thermoelectric properties of Ca-Mg-Si alloys and no substantial improvement of performance has been shown. Hosono et al. found that the Ca 2 Si layer was grown on the Mg 2 Si layers by heat treatment of the Mg 2 Si/Si substrates in the Ca vapor and the CaMgSi phase was formed at the Ca 2 Si/Mg 2 Si interface. 8) In this study, the Ca-Mg-Si alloys including CaMgSi phase were synthesized by mechanical alloying (MA) and/or solidliquid reaction (SLR) using spark plasma sintering (SPS). The CaMgSi was p-type, and showed high thermoelectric performance. Since the CaMgSi phase formed at the CaSi 2 / Mg interface, the Ca-Mg-Si alloys were synthesized by SLR with MA powder to increase the CaSi 2 /Mg interface. In addition, the Mg 2 Si was included in the Ca-Mg-Si alloys, and Ag-doped Mg 2 Si is p-type. Therefore, Ag-doped Ca-Mg-Si alloys were synthesized for improvement of p-type thermoelectric performance. The thermoelectric properties of the synthesized Ca-Mg-Si alloys were investigated.
Experimental Procedure
Mg (99.9%, 180 mm), CaSi 2 (99%, 500 mm) and Ag (99.9%, 75 mm) powders were used as starting materials. Table 2 shows composition of samples and preparation method. The powders were mixed (total mass was 4.0 g) to give compositions of Ca x Mg y Si z (11:1 x 37:5, 25:0 y 55:5, 33:3 z 50:0) and Ca 16:7 Mg 50:0Àx Si 33:3 Ag x (x ¼ 0:5, 1.0) in Ar atmosphere (<1 ppm O 2 , <10 ppm H 2 O). Samples À SLR were synthesized by SLR using SPS (SPS-1030, Sumiseki Materials) with the mixed powder. Samples À SLR + MA were synthesized by SLR using SPS with mechanical alloying (MA) powders. MA (planetary ball-mill, P-5, Fritsch) was carried out in Ar atmosphere (Table 3) . In SLR process, the mixed powders (or MA powders) were heated by SPS with the conditions of Fig. 1 in a graphite die (25 mm in diameter) in vacuum (5 Pa). The temperature T at the graphite die around 3 mm away from the sample was measured by thermocouple (K-type).
Constituent phases were investigated by X-ray diffraction (XRD, RINT-2500, Rigaku, Cu-K , 2 ¼ 20 $70 ) and scanning electron microscope (SEM, JSM-6300, JEOL)/ energy dispersive X-ray spectroscopy (EDX, DX-4, EDAX, accelerating voltage: 15 kV, measurement area: 0.8 mm 2 , live time: 100 s). The electrical resistivity and seebeck coefficient were measured (ZEM-1, ULVAC) in the temperature range from room temperature (R.T.) to 600 K in pure He. The thermoelectric property was evaluated as using power factor P (¼ 2 =, : seebeck coefficient, : electrical resistivity).
Results and Discussion

Formation of CaMgSi in CaSi 2 and Mg
The CaMgSi phase was formed at the Ca 2 Si/Mg 2 Si interface. 8 11) The optical microscope (OM) image and the results of EDX analysis of phase boundary between CaSi 2 and Mg were summarized in Fig. 2 and Table 4 . The formation of Mg 2 Si, CaMgSi and CaMgSi 2 were confirmed between the CaSi 2 and Mg phases. The CaMgSi phase seems to form at the CaSi 2 /Mg interface. 12) The of CaMgSi were smaller than that of Mg 2 Si. Hence, the estimated volume fraction of CaMgSi by the XRD peak intensity ratio was overestimated. Since it was difficult to estimate the true volume ratio by considering the values in this study, the XRD peak intensity ratio and the volume ratio were assumed to be linear relationship. Figure 4 shows the dependences of and for the Sample A-1$-3, Mg 2 Si and Ag-doped Mg 2 Si. The of Sample A-3 increased with temperature, and was lower than those of Sample A-1, -2. Furthermore, the of Sample A-3 was about 0, showing metallic behavior. The Sample A-3 was composed of the Ca 7 Mg 7:25 Si 14 single phase (Table 5 ). These results show that the Ca 7 Mg 7:25 Si 14 is metallic trend (low value of , ' 0). The of Sample A-1, -2 decreased with temperature, showing semiconducting behavior. The of Sample A-1, -2 were positive. As shown in Fig. 3 and Table 5 , the Sample A-1, -2 were composed of the phases of Mg 2 Si, CaMgSi and Ca 7 Mg 7:25 Si 14 . Mg 2 Si is well-known as n-type semiconductor ( < 0), and the Ca 7 Mg 7:25 Si 14 was metallic trend. Therefore, the of CaMgSi phase seems to be positive. Although the of Sample A-1, -2 (Mg 2 Si, CaMgSi, Ca 7 Mg 7:25 Si 14 phases) were higher than that of Sample A-3 (Ca 7 Mg 7:25 Si 14 single phase), these values were lower than that of Mg 2 Si above 600 K (Fig. 4(a) ). These results indicate that the of CaMgSi is also lower than that of Mg 2 Si above 600 K. The of CaMgSi was calculated by using the values at 600 K of Mg 2 Si (À435 mVÁK À1 ), Sample A-1 (73.7 mVÁK À1 ), A-2 (61 mVÁK À1 ) and A-3 (Ca 7 Mg 7:25 Si 14 , À6 mVÁK À1 ) and the volume fractions of three phases (Table 5) . As the result, the of CaMgSi was estimated at 750$900 mVÁK À1 (p-type at 600 K). (It is noted that this estimated value of CaMgSi is smaller than the true value because of the overestimation of volume fraction.) When it is assumed that the of CaMgSi is equal to that of Mg 2 Si (4:0 Â 10 À4 Ám at 600 K), the P of CaMgSi single phase is expected more than 1:4 Â 10 À3 WÁm À1 ÁK À2 (p-type). Thermoelectric Properties of Ca-Mg-Si Alloys
Ag-doped Ca-Mg-Si alloys
The XRD patterns of Sample B-1$-3 are shown in Fig. 5 . The peaks of Mg 2 Si, CaMgSi and Ca 7 Mg 7:25 Si 14 were detected in all samples. The volume fractions of those phases which were estimated by peak intensity ratio were summarized in Table 6 . The volume fraction of CaMgSi in Sample B-1 was larger than those of Sample B-2, -3. This result shows that the formation of CaMgSi phase was accelerated by the increase in the CaSi 2 /Mg interface (see section 3.1). Figure 6 shows the dependences of and for the Sample B series, Sample A-1 and Ag-doped Mg 2 Si. In the Sample B series, the values were less than that of Sample A-1, and the values showed positive. The of Sample B-1 was higher than that of Sample A-1. Figure 7 shows the temperature dependence of the P of Sample A-1, B-1, Mg 2 Si and Ag-doped Mg 2 Si. The P of Sample B-1 was 0:4 Â 10 À3 WÁm À1 ÁK À2 (730 K). Although the P values of the synthesized Ca-Mg-Si alloys increased by doping Ag, the values were lower than those of undoped Mg 2 Si and Ag-doped Mg 2 Si.
Conclusions
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